The Antennapedia (Antp) homeotic gene of Drosophila melanogaster regulates segmental identity in the thorax. Loss of Antp function results in altered development of the embryonic thoracic segments or can cause legs to be transformed into antennae. Certain combinations of Antp recessive lethal alleles complement to permit normal development. The structure of the Antp gene, analyzed by sequencing cDNA clones and exons and by transcript mapping, revealed some of the basis for its genetic complexity. It has two promoters governing two nested transcription units, one unit 36 and one 103 kilobase pairs (kb) long. Both units incorporated the same protein-coding exons, all of which are located in the 3'-most 13 kb of the gene. The two promoters resulted in the attachment of either of two long noncoding leader sequences (1.5 and 1.7 kb) to a 1.1-kb open reading frame. Both transcription units used the same pair of alternative polyadenylation sites 1.4 kb apart; the choice of sites was developmentally regulated. Some of the mutations that disrupt the larger transcription unit complemented a mutation affecting the smaller one. Dominant mutations that transform antennae into legs split the gene but left the coding exons intact. The encoded protein has unusually long runs of glutamine and a homeodomain near the C terminus.
Homeotic genes in Drosophila melanogaster control the identity of body segments or parts of segments (27, 34, 45, 54) . These genes act in a combinatorial manner; the array of genes active in a particular group of cells controls what type of structure the cells will form. Many homeotic genes are clustered in two groups known as the bithorax complex (BX-C) (34) and the Antennapedia complex (ANT-C) (27) . Certain dominant mutations in the Antennapedia (Antp) gene, a member of the ANT-C, result in the transformation of antennae into legs. However, the Antp locus normally functions in the thoracic and abdominal regions of the fly and not in the head, both during embryogenesis and during metamorphosis (13, 45, 53, 56) . Embryos homozygous for recessive embryonic lethal Antp alleles show partial transformations of the mesothoracic (T2) and metathoracic (T3) segments to prothoracic (T1)/head segments (56) . Clones of cells lacking Antp function develop abnormally in dorsal prothoracic tissue and in ventral regions of all three thoracic segments but develop normally in head tissues, indicating that Antp normally functions in the thorax but not in the head (26, 53) .
Previous work on the Antp locus has revealed a complex gene structure. Embryonic, larval, and pupal Antp RNA products of about 3.5 and 5.0 kilobase pairs (kb) are detected by hybridization with DNA probes spanning approximately 103 kb of genomic DNA (49) . Since some transposon insertions within the gene do not have any detectable effect, not all of the 103 kb need to be intact for normal Antp function. The two different types of Antp cDNA which have been described (16, 49) suggested a complex pattern of Antp transcription or splicing. A homeobox is contained within an exon near the 3' end of the Antp transcribed region and presumably encodes part of an Antp protein product (36, 37, 48) that may be involved in DNA binding (11, 32) .
Antp transcripts have also been detected by hybridization of cloned Antp probes to tissue sections of embryos and larvae (17, 18, 33, 35) . Transcripts first appear just after the formation of the cellular blastoderm. The positions of the transcripts in the thoracic and abdominal primordia correlate well with the requirements for Antp gene function in these segments. Transcripts are also observed in the thoracic imaginal disks of third-instar larvae and in pupae, which also correlates with genetic function.
Many dominant Antp mutations are associated with chromosome rearrangements. The breakpoints associated with the dominant mutations are confined to the upstream 60 kb of the 103-kb genomic region. The chromosome rearrangements eliminate at least one of the essential functions of the gene, since most of the dominant mutations are also recessive lethal alleles. However, the homeotic phenotypes of the dominant alleles are not due to an absence of gene activity (8, 19, 53) ; flies carrying one copy of the wild-type Antp allele and a chromosome deleted for Antp develop normally. Flies bearing a dominant Antp allele and a wild-type allele may have antennae transformed into legs (e.g., AntpB, Antp73b, AntpCB, and AntpNs), dorsal head structures partially transformed into dorsal mesothoracic structures (AntpCtx), or second and third legs partially transformed into first legs (e.g., Antpscx-W). Evidence that all of these transformations come from novel gene activity has been obtained from reversion studies with four different dominant Antp alleles (8, 9, 19, 53) . In each case, phenotypic reversion was observed to result from the deletion of the dominant allele.
Since the chromosome rearrangements interrupt the 103-kb transcribed region of Antp, a major question is how such an interruption can lead to novel gene activity. 4677 A number of mutations in the Antp gene affect only a subset of Antp functions (26; M. K. Abbott and T. C. Kaufman, Genetics, in press), and, in a number of cases, alleles affecting different functions can complement each other. For example, flies homozygous for dominant alleles such as Antp73b die as embryos or early larvae with T2 and T3 partially transformed into Tl/head, indicating that an early function is disrupted. However, when any part of the legs is composed of a clone of cells, created later in development, that is homozygous for Antp73b, leg development appears completely normal (26) . The legs are not partially transformed into antennae as they are in homozygous clones of Antp null alleles. Therefore, these dominant mutations simultaneously eliminate proper embryonic function (causing the transformation of T2 and T3 into Tl/head), permit normal late function of Antp in the control of leg differentiation (thereby preventing legs from being transformed into antennae), and cause abnormal function of Antp in the head (causing transformation of antennae into legs). Certain alleles of Antp are pupal lethals (26; Abbott and Kaufman, in press; A. M. Boulet and M. P. Scott, unpublished results) and therefore are defective in a late function. One allele of this type, Antpsl fails to complement a deletion of Antp but can complement the recessive lethal phenotypes of dominant alleles such as Antp73b. The transcriptional organization of Antp suggests a molecular basis for this complex complementation behavior of the gene.
The three laboratories studying the molecular structure of Antp have obtained similar results (47, 52 ; this paper): two promoters, multiple polyadenylation sites, unusually long, noncoding mRNA leader sequences, and an encoded protein of unusual composition. Only about 1% of the 103-kb Antp gene is used for protein coding (at least in the major mRNAs), suggesting that the remainder of the gene may be important for the complex and dynamic patterns of Antp expression during development.
MATERIALS AND METHODS
Isolation of Antennapedia cDNAs. The G1100 cDNA was isolated as described by Scott et al. (49) from a Drosophila embryonic cDNA library kindly provided by Michel Goldschmidt-Clermont. By using a 600-base-pair (bp) 5' SmaI fragment of G1100 as a probe, the cYE10 and YE12 cDNAs were isolated from a Drosophila embryonic cDNA library (41) kindly provided by Lawrence Kauvar.
Isolation of Antennapedia genomic exon DNAs. Genomic DNA subclones containing Antennapedia exons were isolated from bacteriophage obtained in a chromosome "walk" through the ANT-C (52). Coordinates in kilobase pairs are as described (49) , with the 5' end of Antp near +201 and the 3' end near +98. Restriction fragments 2015 R1.7 (+100 to +101.7), 77R3 (+110 to +113), 70R6 (+167 to +173), and 577 R4 (+199 to +203) have been described previously (49) . Phage 448 contains DNA from + 123 to + 138. Two adjacent 448 EcoRI fragments, 448 R4.6 (+133.5 to +138) and 448 R1.9 (+131.5 to +133.5), contain Antennapedia exon sequences.
Sequencing. Restriction fragments to be sequenced were subcloned into the plasmid pEMBL8+, which permits recovery of single-stranded plasmid DNA upon infection with phage fl (10) . Dideoxy sequencing (44) was performed by the 35S method of Biggin et al. (6) as modified by Debra Peattie (personal communication).
Nested deletions for sequencing were produced either by cutting at known restriction sites within the subcloned fragment or by digestion with ExoIll and Si (J. R. Bermingham, Jr., A. Laughon, and M. P. Scott, manuscript in preparation). Since ExoIII does not digest DNA containing a-thio nucleoti\des, linearized DNA was filled in with thio nucleotides, protecting it from ExollI digestion. A second restriction digest removed the blocked end adjacent to the region to be deleted, allowing ExollI to digest in one direction only. The single-stranded ends thus produced were removed with Si nuclease, and the resulting deleted plasmids were recircularized with ligase. This procedure is similar to that of Henikoff (21) .
RNA purification and Northern analysis. Embryos were homogenized in 5 M guanidine thiocyanate-50 mM Tris (pH 7.5)-10 mM EDTA-200 mM P-mercaptoethanol and then centrifuged at 16,000 x g for 10 min at 4°C. Lithium chloride (6 M) was added to the supernatant until the final concentration was 3.3 M. After storage overnight at 4°C, the RNA solution was centrifuged at 16,000 x g for 30 min at 4°C. The pellet was washed by resuspension in 3 M lithium chloride-4 M urea and centrifugation at 16,000 x g for 30 min at 4°C.
The pellet was dissolved in 10 mM Tris (pH 8)-i mM EDTA-0.1% sodium dodecyl sulfate and then extracted two to three times with 24:24:1 phenol-chloroform-isoamyl alcohol (vol/vol/vol). The RNA was precipitated at -20°C after addition of 0.05 volume 3 M sodium acetate and 2.5 volumes of ethanol. RNAs were glyoxalated in 7.6% glyoxal-57% dimethyl sulfoxide-11.4 mM sodium phosphate (pH 6.6) at 50°C for 1 h and separated on 1% agarose gels. RNAs were blotted onto nitrocellulose or Zetabind filters (AMF Cuno) and hybridized with the appropriate radiolabeled probe. 32P-labeled probes were prepared by Klenow extension of reverse hybridization primer (New England BioLabs, Inc.) or of random hexamer primers (Pharmacia) to a specific activity of about 108 cpm/4ig (14) . S1 nuclease and primer extension analysis of transcripts. Si nuclease mapping of mRNA 5' and 3' ends was done by using double-stranded DNA fragments according to the procedure of Berk and Sharp (5) or by using single-stranded DNA fragments according to the procedure of Nasmyth et al. (39) . S1 nuclease mapping of 5' ends of promoter 1 transcripts was done with a 489-bp single-stranded DNA fragment extending from the BamHI site at position 2140 in exon A (see Fig. 3 and 6 ) to an NaeI site at position 1651. The DNA was labeled at the BamHI 5' end with [-y-32P]ATP and T4 polynucleotide kinase. Si nuclease mapping of 5' ends of promoter 2 transcripts was done with a doublestranded DNA fragment extending from the endpoint of a deletion subclone, P16, at position 890 in exon C to the HindIII site at position 0. The P16 clone was obtained for sequencing by using the ExoIII-Sl deletion procedure described above. The DNA was labeled by annealing a 17-bp primer to single-stranded P16 plasmid DNA followed by For the primer extension analysis of promoter 1, the primer used was a 62-bp fragment extending from the AvaII site at position 2078 to the BamHI site at position 2140 in exon A. The primer was end-labeled at the BamHI site with [.y-P32]ATP (7,000 Ci/mmol; ICN Pharmaceuticals Inc.) and T4 polynucleotide kinase (New England BioLabs). After VOL. 6, 1986 purification on a nondenaturing polyacrylamide gel, the double-stranded primer was hybridized overnight to 10 For promoter 2, a 202-bp uniformly labeled primer was synthesized from a single-stranded pEMBL8 template generated by the deletion method described above. The M13 17-mer sequencing primer (New England BioLabs) was annealed with the template and extended by using DNA polymerase I Klenow fragment in 50 mM Tris hydrochloride (pH 7.5)-10 mM MgSO4-1 mM dithiothreitol-50 ,uM dCTP-50 ,uM dATP-50 puM dGTP-0.85 ,uM [oa-32P]dTTP. After a chase with unlabeled dTTP, the DNA was digested with MluI and HindIII to produce a primer extending from the MluI site at position 708 of exon C to the end of the deletion at position 890. The double-stranded primer was purified on a nondenaturing polyacrylamide gel and hybridized to 10 ,ug of 4-to 8-h-old embryonic poly(A)+ RNA or 20 ,ug of third-instar larval poly(A)+ RNA at 48°C as described above. Extension reactions were performed as for the promoter 1 primer except that they were carried out at 37°C for 30 min. The extension reactions were extracted once with phenol-chloroform-isoamyl alcohol (24:24:1, voltvol/vol), ethanol precipitated, and loaded on 6% polyacrylamide-urea gels. The promoter 2 reactions were treated with RNase A before extraction and precipitation.
RESULTS
Derivation of multiple Antp transcripts. The structure of the Antp locus has been described, based on RNA blots and hybridization of cDNA clones to genomic clones, as a 103-kb transcription unit that gives rise to two major RNA species 3.5 and 5.0 kb in size (16, 49) . The gene is located in the 84A4,5-B1,2 interval on the right arm of chromosome 3 and is transcribed from the telomere toward the centromere. In reference to our previously published coordinates, in kilobases (Fig. 1A) , the 5' end of the gene is near +201, the 3' end is at approximately +98, and other exons are at +170 and + 111 to + 113. The Antp homeobox is within the exon at +98.5 to +101.7 (36, 48) . Garber et al. (16) also described a cDNA clone that hybridized to exons at +134, +111 to +113, and +98.5 to +101.7.
We have determined the detailed structure of two Antp cDNAs, the previously reported 2.3-kb G1100 cDNA, and a newly isolated 3.3-kb cDNA, YE10 (Fig. 1B) . S1 nuclease treatment of G1100-YE10 hybrid DNA molecules indicates that the two cDNAs are not detectably different in sequence except for approximately 1,300 bp at the 5' end of YE10 and about 150 bp at the 5' end of G1100 (data not shown). The shared sequences hybridize to exons at +111 to +113 and +98.5 to +101.7, the G1100-unique sequence hybridizes to exons at +201 and +170, and the YE10-unique sequence hybridizes to an exon at + 134. YE10 therefore appears to be similar to the 909 cDNA clone described by Garber et al. (16) . DNA sequence analysis of G1100, YE10, and the corresponding genomic sequences (see below) revealed a total of eight exons: A (+201); B (+170); C (+134); D, E, F, and G (+111 to +113); and H (+98.5+101.7) (Fig. 1) . The homeobox is at the 5' end of exon H.
Hybridization of a DNA probe from the homeobox (H) exon to an RNA blot of embryonic, larval, and pupal RNA at high stringency indicated that there are at least two mRNA species of approximately 3.5 kb and at least two of approximately 5.0 kb (Fig. 2) . A probe from exon C hybridizes to 3.6-and 5.1-kb transcripts, whereas a probe from exon A detects smaller 3.4-and 4.9-kb species (Fig. 2) . Therefore, at least two sets of transcripts exist, 3.6-and 5.1-kb mRNAs containing exon C (but not exon A) and 3.4-and 4.9-kb mRNAs containing exon A (but not exon C). All of the transcripts contain a series of identical exons (D to G) at +111 to +113 and the homeobox (H) exon at +101.7 (see below). Additional proof that each of the 3.5-and 5-kb bands are doublets was obtained by reprobing RNA blots with exon A or C after they had first been probed with exon C or A, respectively, allowing the positions of the bands to be marked accurately on single filters. In each case, the second probe caused second bands to appear just above or below the first set, as seen with the homeobox probe alone (data not shown).
The Antp transcripts exhibit a stage-specific pattern of expression. Exon C-specific transcripts are first apparent in 0-to 4-h staged embryos. The 3.6-kb RNA is more abundant than the 5.1-kb species at 4 to 8 h ( Fig. 2A) . Exon A-specific transcripts first appear slightly later than the exon C transcripts. The 4.9-kb exon A RNA is more abundant than the 3.4-kb species in embryos. Antp transcripts are also found in third-instar larvae and in pupae at about 1/10 of the embryonic levels. much RNA as the embryonic RNA lanes [ Fig. 2B ].) As is the case in embryos, in larvae and pupae the 4.9-kb RNA makes up the bulk of the exon A transcripts, whereas the 3.6-and 5.1-kb exon C transcripts are present in roughly equal amounts.
How are the multiple Antp transcripts generated? One possibility is that exon A-and exon C-containing RNAs are transcribed from two different promoters, one near +201 (exon A) and the second near exon + 134 (exon C). A second possibility is that the use of different exons might result from alternative patterns of RNA splicing. To find out which of the two possibilities is correct, we mapped the transcriptional start sites for exon A-and exon C-containing RNAs. A single BamHI site in exon A was used as the labeled end of DNA fragments for both Si nuclease and primer extension mapping (Fig. 3A) . Both the Si nuclease-protected RNA-DNA hybrids and the primer-extended DNA product migrate at 117 bp in denaturing gels (Fig. 3B ). This places the 5' ends of exon A-containing transcripts at position 2024, 117 bp upstream of the BamHI sites in exon A. For exon C-containing transcripts, the end of the P16 deletion subclone (generated for sequencing exon C) was used as the endpoint for Si nuclease mapping (Fig. 3A) . The Si nuclease-protected RNA-DNA hybrid was 270 bp in length (Fig.  3B) . The same endpoint was used for exon C primer extensions mapping except that plasmid polylinker sequences added 20 bp to the primer at its 5' end. Primer extension yielded a 289-bp product, 1 bp shorter than the 270-bp Si product after correction for the 20 bp of additional primer DNA. Therefore, exon C-containing transcripts have their 5' ends 269 to 270 bp upstream of the P16 endpoint at positions 620 to 621 in exon C.
The Si nuclease-mapped endpoints of transcription exons A and C must correspond closely to the actual 5' ends of the messenger RNAs since the primer extension experiments place the 5' ends at the same positions. If the Sl-mapped ends are RNA-splicing acceptor sites, primer extension should continue past the Si endpoints into exons further upstream. In addition, the mapped 5' ends do not have consensus splice acceptor sequences. Therefore, the Si nuclease and primer extension analyses demonstrate that Antp transcripts derive from two promoters, one at +201 (P1) and one at + 134 (P2), separated by about 70 kb.
The difference in size between the approximately 3.5-and approximately 5.0-kb species P1 and P2 transcripts is at the 3' end of the gene. A 3.2-kb EcoRI fragment from +97 to 100 hybridizes to both approximately 5-kb RNAs but to neither of the approximately 3.5-kb species (data not shown). Si mapping with a 2,649-bp BamHI-to-XbaI, 3' end-labeled fragment (+98 to + 100.5) demonstrates the existence of two major polyadenylation sites, separated by about 1,430 bp (Fig. 4) . A third, minor, polyadenylation site occurs about 650 bp downstream of the most 5' site. AATAAA signals for polyadenylation (42) are found near the observed 3' ends of the messengers (positions 1167, 1694, 2448, and 2578 in exon H; see Fig. 6 ). A third cDNA clone, YE12, not otherwise described here, contains a poly(A) sequence beginning at position 1197, demonstrating that one of the nearby AATAAAs boxed in Fig. 6 is used.
A summary of the DNA sequencing strategies is shown in Fig. 5 , and the sequences obtained are shown in Fig. 6 . The complete sequence of the previously described 2.3-kb G1100 cDNA (49) and the corresponding genomic exons (Fig. 6) revealed a total of seven exons: A, 1,030 bp: B, 88 bp; D, 252 bp; E, 777 bp; F, 39 bp; G, 226 bp; and H, approximately 895 or 2,325 bp ( Fig. 1B and 6 ). The sequence of YE10 was determined for the 5' 1,390 bp, corresponding to exon C and a portion of exon D. Si nuclease digestion of DNA hybrids between G1100 and YE10 indicates that these sequences are identical or nearly identical from exon D to the 3' end of YE10 (data not shown Fig. 6 ). The endpoint of the deletion subclone, P16, used to map the 5' ends of P2 transcripts is at position 890 in exon C (see Fig. 6 ). The sizes of observed S1 nuclease digestion and primer extension products are indicated. (B) S1 nuclease (S1) and primer extension products (P.E.) fractionated on 6% polyacrylamide-urea gels. Arrows indicate the positions of the Sl nuclease and primer extension products. Hybridizations of labeled DNA fragments before Si nuclease treatment or reverse transcriptase extension was done with (+) or without (-) 10 ,ug of poly(A)+ RNA from 4-to 8-h staged embryos for P1 and P2 S1 analysis, from 0-to 20-h embryos for P1 primer extension, and from 4-to 8-h embryos (E) or third-instar larvae (L) for P2 primer extension. After drying, the X-ray film of the gels was exposed for 5 days. DNA sequencing ladders were used as size markers (not shown). The difference in size between the P2 primer extension and Si nuclease products is due to 20 bp of plasmid-derived sequence at the 5' end of the 202-bp primer. The heavy band between the P1 primer and the 117-bp product is apparently due to an RNA sequence at which reverse transcriptase pauses. and exon C is 1,320 bp, accounting for the 200-bp differences in size between P1 and P2 transcripts. From the transcription start sites to the Si nuclease-mapped major polyadenylation sites, the approximate lengths of the transcripts are as follows: P1, 3,307 and 4,737 bp; P2, 3,509 and 4,939 bp. Taking into account 100 to 200 bp of poly(A) at the 3' ends, these sizes correspond to the observed sizes of the transcripts shown in Fig. 2 . A TATA sequence is found starting 30 bp 5' of the P1 start (Fig. 6) , but no such sequences occur in the vicinity of the P2 start. Only four sequence polymorphisms were found among G1100, YE10, and the exon sequences: three single-base changes occurred in the noncoding regions, and one A-to-G transition in the coding region switched a glutamine codon (in exon G) to an arginine codon in G1100. The splice junctions agree well with consensus RNA splicing sites (40a), except for the exon G donor site used in YE10 and G1100 (see below). The introns are very large, about 57,000 bp in one case, in contrast to the short introns found in many D. melanogaster genes.
ORFs and long noncoding leader sequences. The distribution of ATG initiator triplets and stop codons in the P1 and P2 mRNAs shows that three fairly long open reading frames (ORFs) exist in both (Fig. 7) . All are in the shared set of exons (E to H) in the 3'-most 13 kb of the gene. The first ATG in the longest ORF is at position 575 in the exon E sequence (Fig. 6) , and this ORF continues for 1,134 bp in the G1100 cDNA. This ORF includes the homeobox near its 3' end, in the frame expected to be used based upon the pattern of homeobox sequence conservation (36, 48 Fig. 6 ). The S1 nuclease digestion products are diagrammed. (B) S1 nuclease products fractionated on a 1.5% alkaline agarose gel. The sizes of the undigested protecting DNA fragment and of the major S1-digested RNA-DNA hybrids are shown with arrows. Hybridization at 45 or 47°C of the labeled BamHI-XbaI fragment was with (+RNA) or without (-RNA) 20 ,ug of poly(A)+ RNA from 4-to 8-h staged embryos. After transfer of the hybrids to a nitrocellulose membrane, X-ray film was exposed for 2 days with an intensifying screen. Size markers are not shown. sequence (Fig. 7) . The sequence of exon A (Fig. 5) shows that, as with exon C, numerous (eight) ATG triplets but no long ORFs are found in the 5' leader of P1 transcripts starting at +201. Two of the eight ATG triplets are located in exon B.
Kozak (29) (40) shows moderate codon bias for both the 1,134-and 348-bp ORFs. The bias for the 348-bp ORF results from the shift in frame of runs of glutamine codons to highly biased serine, arginine, and proline codons. The 888-bp ORF that lacks an initiator ATG does not have the bias expected for a coding region (40) .
The recessive pupal lethal mutation, AntpsJ, is due to an insertion of an F element at + 134 in the DNA sequence corresponding to the P2 mRNA leader (49) . We determined the exact location of the Antpsl insertion by sequencing across the proximal junction of the F element with exon C (Fig. 5 and 6 ). The F element insert is within exon C, 1,261 bp upstream of the 1,134-bp Antp ORFs (Fig. 7) . The poly(A) sequence found in the F element (12) is located at the end of the insert nearest the 3' end of Antp (data not shown).
Antp protein product. The 1,134-bp Antp ORF encodes a 378-amino acid protein with a mass of 42,767 daltons and a predicted pl of 10.2 (Fig. 8) . The protein has several distinctive features. First, as previously predicted (36, 48) , the Antp protein contains a homeodomain. As is the case for fushi tarazu (ftz) (32) and engrailed (en) (15, 41) , the Antp homeodomain is located near the C-terminal end of the proteins. The homeodomain is rich in lysine and arginine residues that may be important for DNA binding (11, 32) . The protein sequence outside the homeodomain is strikingly different, with an abundance of prolines and glutamines, making the Antp protein 10% proline and 18.3% glutamine overall. In addition, the region outside of the homeodomain contains only about half as many hydrophobic amino acids as an average protein of the same size (7). The sequence of amino acids between residues 98 and 156 contains 34 glutamines that occur in runs of up to 9 in a row. The hydrophilic character and high proline content of the protein outside of the homeodomain suggests that parts of the protein may have an extended structure. We have compared the Antp protein sequence to the sequences of other homeodomain-containing proteins. Complete sequences have been reported for ftz (32) and en (15, 41) , and partial sequences have been reported for deformed (Dfd) (31) and caudal (38) . Except for the homeodomain, no extensive sequence homology exists among these proteins, but they all share the property of containing clusters of certain amino acids.
CAG and CAA repeats in the Antp gene. The DNA that encodes large numbers of glutamines in Antp, en, Dfd, and ftz consists of repeating CAG or CAA triplets. These sequences have been referred to as "strep," "opa," or "M" repeats (28, 37, 59 ) and constitute a class of middle repetitive sequences present at about 400 to 500 copies per haploid genome. Regulski et al. (43) have mapped three M repeats in the ANT-C to the Antp, Scr, and Dfd genes. Using the CAG/A repeat sequences from Antp exon E as a hybridization probe, we have confirmed the presence of the repeats in Scr and Dfd, have found one additional strongly hybridizing CAG/A repeat at -31 to -39, and detected an additional weakly hybridizing repeat within the Antp gene at + 129 (data not shown).
The sequence of CAG/A repeats at + 129 is opposite to the VOL. 6, 1986 4682 LAUGHON ET AL. direction of the CAG/A repeats within the coding region of the exon at + 112 and is designated the CTG repeat (Fig. 1A) . The + 129 CTG repeat lies within the intron that separates exon B or C from exon D (intron sizes of 60 or 20 kb, respectively) and is approximately 3 kb from the downst-.am end of exon C. In the unprocessed primary Antp transcript, the CTG and CAG/A repeat sequences could form base-paired structures with -AGs as high as 37 kcal/mol (data not shown). This suggests that CAG/A repeat sequences in Antp might function in some aspect of RNA synthesis or processing in addition to encoding glutamine as part of the protein.
DISCUSSION
Large genes and cis-regulating functions. There are several novel features of Antp gene structure and expression. One is the use of two promoters, which may permit two different kinds of regulation of Antp transcription during development. Although both Antp promoters are active in embryos, larvae, and pupae, RNA blot analyses and preliminary in situ hybridization results with promoter-specific probes (A. Martinez-Arias, M. P. Scott, and M. E. Akam, Cell, in press) suggest that there may be position-and stage-specific expression. Antp expression in the embryo is spatially complex (33; Carroll et al., submitted), and position-specific Antp expression may in part depend upon differential use of the two promoters. The D. melanogaster alcohol dehydrogenase (Adh) gene uses two promoters, which show different patterns of stage-specific expression. One Adh promoter is expressed primarily during late embryogenesis and first and second larval instars. The second Adh promoter, located 700 bp upstream of the first, is active during midembryogenesis, in third-instar larvae, and in adults (4, 20) . In the case of the mouse ac-amylase gene Amy-la, two widely separated promoters are differently regulated in a tissue-specific manner (46, 50) . As in Antp, the use of two amylase promoters results in different 5' leader sequences in the mRNAs (60) . The use of different 5' exons can also be used to encode different N-terminal protein sequences (for example, in c-abl; 3), but this would apply to the case of Antp only if any of the short ORFs in the leaders is functional; the main Antp ORF is not affected by the alternative leader exons.
A single promoter can respond to multiple cis-acting control elements, such as enhancers, to achieve the appropriate patterns of stage and tissue specific expression (58) . The two promoters of the Antp gene may provide needed additional regulatory flexibility. However, the two unusually long alternative 5' leader sequences suggest a function of the two promoters beyond differential transcription. In the processed mRNAs, leaders of 1.5 (P1) or 1.7 kb (P2) precede the 1.1-kb ORF. The leaders may be involved in posttranscriptional control of Antp expression. Trailers of 1 involved in regulating the translation of the GCN4 protein (22, 55) .
The shorter (about 3.5 kb) Antp RNAs predominate early in embryogenesis, whereas the 5-kb RNAs are the major species observed later in embryogenesis and in larvae and pupae (49) . The selection of polyadenylation sites therefore is regulated as a function of developmental stage. At no stage is one of the polyadenylation sites used exclusively, although it is possible that in certain cells there are strong or exclusive preferences for one or another polyadenylation site, a possibility which is currently being addressed with in situ hybridization experiments.
A striking property of Antp is its size; the transcribed region is larger than 100 kb. D. Hogness (personal communication) has suggested that large transcription units might serve as developmental clocks. Insect RNA polymerase II transcription has been estimated to proceed at about 1 kb/min (24; C. Thummel, K. Burtis, and D. Hogness, personal communication). Therefore, Antp could have fast (36-min) and slow (103-min) transcription units, such that Antp protein(s) would be produced at a fixed time after Antp transcription is initiated from each promoter. A possibly related effect of the long transcription units would be to retain the nascent transcripts on the chromosome for long periods of time. Such RNAs could be involved in chromosomal site-specific interactions with cellular factors or could extend considerable distances through the nucleus to permit, for example, RNA-RNA interactions.
What (11) . Based on the similarity to bacterial DNA-binding proteins, the recognition helix region of the homeodomain would be expected to recognize and bind to specific DNA sequences. The amino acid sequence of the putative recognition helix is invariant among the homeodomains encoded in the ANT-C and BX-C (34), suggesting that ANT-C-and BX-C-encoded proteins recognize similar DNA (Fig. 6) 
